The cause of bone loss in postmenopausal osteoporosis-decreased bone formation or increased bone resorption-is controversial. Synthesis of bone-Gla protein (BGP), a specific osteoblast product, is stimulated by 1,25-dihydroxyvitamin D3 11,25(OH)2D1 in vitro. Thus, increases in serum BGP levels during 1,25(OH)2D administration might provide a useful dynamic index of osteoblast function. We compared 14 postmenopausal osteoporotic women with 12 age-matched postmenopausal normal women before and during 6 d of 1,25(OH)2D administration (2.0 ,ug/d). Serum BGP levels were similar at baseline and increased during treatment in both groups (P < 0.001). However, trend analysis showed a greater (P < 0.01) increase in the osteoporotic women. These data do not support the hypothesis that defective osteoblast function is the major cause of bone loss in postmenopausal osteoporosis.
Introduction
The mechanism of bone loss in postmenopausal osteoporosis is controversial. Data have been reported supporting increased bone resorption or decreased bone formation or a combination of both processes. Combined kinetic and calcium balance data strongly suggest that overall bone turnover increases after menopause but resorption increases more than formation (1) . Most radiocalcium kinetic studies have found normal accretion rates in postmenopausal osteoporosis despite decreased bone mass (2); however, Reeve et al. (3) reported that, among 21 patients with idiopathic osteoporosis, there was an inverse correlation between negative calcium balance and rates of bone accretion (assessed by long-term retention of 85Sr). Jowsey (4) and Nordin et al. (5) found that patients with postmenopausal osteoporosis had significant increases in resorption surfaces in iliac crest, and Wu et al. (6) reported an increase in the derived value for resorption rate in the rib. Bone histomorphometric studies using tetracycline double labeling have found high, normal, or low rates of bone turnover in iliac crest biopsy samples (7-9). Moreover, Darby and Meunier (10) reported decreased mean wall thickness of trabecular bone packets in iliac crest biopsy samples from women with postmenopausal osteoporosis, which suggests a decrease in bone formation at the cellular level.
(13, 14). Radioimmunoassay of BGP in plasma has been found to be a sensitive test for bone turnover in patients with various metabolic bone diseases (15). In postmenopausal osteoporosis, serum BGP has been reported to be increased (15, 16) or normal (17, 18) .
In contrast to many metabolic bone diseases, in osteoporosis the mean levels of bone turnover do not deviate greatly from normal, and there is a large overlap of individual values (7-9). We reasoned that a stimulation test for an osteoblast product might provide greater discrimination between normal and osteoporotic subjects than would be possible with static measurements of circulating levels. (22) in postmenopausal osteoporosis. Thus, if the hypothesis that postmenopausal osteoporosis is mainly caused by osteoblast atrophy is correct, the increases in serum BGP during 1,25(OH)2D administration should be less in osteoporotic than in nonosteoporotic postmenopausal women.
Methods
Subjects. The protocol for this study was reviewed and approved by the Mayo Institutional Review Board. All subjects gave their informed consent.
We studied 12 postmenopausal normal women and 14 postmenopausal women with osteoporosis; their mean (±SE) ages were 64±2 and 64±2 yr, respectively. All subjects were ambulatory. None was taking a drug known to affect calcium metabolism, had any evident disease known to be associated with bone disease, or abnormal hepatic function. All normal subjects had bone density values, assessed by dual-photon absorptiometry (23) , that were within the age-adjusted normal range, and no vertebral fractures were seen on radiographs ofthe lumbar and thoracic spinal column. Patients with postmenopausal osteoporosis had one or more vertebral compression fractures, and lumbar spine densitometry gave values below the fracture threshold (23) . None of the osteoporotic patients was receiving treatment for osteoporosis.
The patients were studied for 7 d in a metabolic ward. After a baseline day (day 0), the subjects received 1,25(OH)2D3 (Rocaltrol; Roche Laboratories, Nutley, NJ) in a dosage of 0.5 ug four times daily (2.0 Ag/d) during the subsequent 6 d (days 1 through 6). Fasting-state blood samples were obtained at 0800 h for determinations of serum levels of BGP, calcium, alkaline phosphatase, and 1,25(OH)2D. Daily urine samples were collected for determinations of calcium and hydroxyproline. Glomerular filtration rate (GFR) was assessed by creatinine clearance. Basal levels of serum variables were computed by averaging values at the beginning and end of day 0 (immediately before 1,25(OH)2D treatment began). During 1,25(OH)2D treatment, all measurements were made on daily samples except for creatine clearance, which was measured at day 6, and serum vitamin D metabolites, which were measured on pooled serum from days 5 and 6.
Laboratory methods. Serum BGP was measured as described (24) . The assay uses antiserum (R-102M; at a final dilution of 1:20,000) raised in rabbits against bovine BGP and homogeneous bovine BGP for standard and tracer. Antibody-bound and free 1251I-labeled BGP are separated by the double-antibody method. Both the intraassay and interassay variations of the assay typically were < 10%. The sensitivity of the assay is 0.1 ng ofbovine BGP per tube, and the concentration ofBGP can be measured in > 99% of normal subjects. Previous studies have shown that purified bovine BGP and human BGP displace BGP tracer from antibody with equal effectiveness. We verified that the presence ofBGP in human serum causes the displacement of tracer from our antibody by demonstrating that standard curves obtained with bovine BGP and normal human serum samples were strictly parallel.
Serum and urine calcium were measured by atomic absorption spectrometry. Serum alkaline phosphatase was measured spectrophotometrically with p-nitrophenylphosphate substrate (Sigma Chemical Co., St. Louis, MO). Determinations oftotal alkaline phosphatase were performed in duplicate on all samples; the coefficient ofvariation was < 10%. Serum and urine creatinine were measured by standard automated techniques. Urine hydroxyproline was measured by the method of Kivirikko et al. (25) . Serum 25-hydroxyvitamin D was measured by the method of Eisman et al. (26) . Serum 1,25(OH)2D was measured by a modification of the method of Eisman et al. (27) as described by Kumar et al. (28) .
Data analysis. Baseline variables were compared by two-tailed t tests. During 1,25(OH)2D administration, logarithmic transformation of response variables was used when necessary to stabilize variances between groups and across time. Changes in serum BGP and other response variables over time were assessed by growth curve analysis (29) . The growth curve analysis summarizes the values for each response variable measured on days 1 through 6 for each subject in terms of trends over time. These trends were represented in this case by mean, linear, and quadratic coefficients. Thus, instead of six values for each response variable (e.g., BGP on days 1 to 6), each subject's response on a particular variable was summarized in terms of three trend coefficients. These three coefficients were then compared between groups using one-way multivariate analysis of covariance. This analysis simultaneously compared the three trends after adjusting for differences between groups in the covariates. The covariates in this analysis were weight, body surface area, GFR, baseline serum level of the response variable, and increment in serum level of 1,25(OH)2D between baseline and day 6. The ability of the three coefficients to adequately summarize the six daily values for individual subjects was assessed by testing whether the three trends were sufficient relative to requiring higher degree terms (29) . This test failed to detect departures from the assumed (three trend) model.
Results
Descriptive characteristics of the experimental subjects are given in Table I . Baseline and response variables (summarized as 3-d pooled means) are given in Table II for serum measurements and in Table III for urine measurements. The increase over baseline of daily values for serum BGP is shown in Fig. 1 . The relationship between the increase in levels ofserum 1,25(OH)2D and the increase in levels of serum BGP for individual subjects is given in Fig. 2 . Even adjusting for differences in serum 1,25(OH)2D, the increase in serum BGP was greater in the osteoporotic subjects. There were no differences between groups in any variable at baseline. During 1,25(OH)2D stimulation, multivariate analysis of serum values ofBGP showed a difference in trends (P < 0.01) between the normal and osteoporotic groups of postmenopausal women. This was mainly due to linear trends for the two groups with the osteoporotic group having a greater increase after adjustment for covariates (P < 0.05). There was no significant difference in the other response variables, including serum I,25(OH)2D, between the two groups.
Discussion
The mean basal value for serum BGP in this group of 14 osteoporotic women was only slightly less than we found in a previous study (16) involving 62 osteoporotic women. Thus, we believe that our study subjects were representative ofpatients with postmenopausal osteoporosis and did not contain an excessive proportion of patients with high bone turnover. After 1,25(OH)2D administration, serum BGP increased in both the normal and osteoporotic groups. The most likely mechanism for this was increased synthesis of BGP by osteoblasts. There is strong evidence that, in the absence of renal failure, circulating BGP reflects bone formation, not bone resorption (18, (30) (31) (32) (33) . Although there was an increase in urinary hydroxyproline of 12-25% during 1,25(OH)2D3 administration, a small increase in bone resorption rate should not have increased serum BGP. Riggs et al. (34) induced an acute increase in bone resorption by a 24-h infusion of the synthetic 1-34 fragment of parathyroid hormone; despite an 80% increase in urinary hydroxyproline, serum BGP decreased significantly. Presumably BGP in bone matrix is degraded into fiagments that are not recognized by our antiserum. The theoretic possibility that 1,25(OH)2D administration decreased plasma clearance ofBGP seems very unlikely.
The increase in serum BGP during 1,25(0H1)D administration was significantly greater in the osteoporotic than in the normal postmenopausal women. This difference remained statistically significant after adjustment for important covariates. This is strong evidence against the hypothesis that bone loss in postmenopausal osteoporosis results from osteoblast atrophy. Ifthis hypothesis were correct, the stimulated response in the osteoporotic women should have been blunted, whereas the opposite was observed.
These findings differ from those reported on the basis of histomorphometric studies; the latter have shown that -30% ofpatients with postmenopausal osteoporosis have low turnover in trabecular bone in the iliac crest (7-9). This discrepancy cannot be resolved at present. It has been suggested that the low turnover state in postmenopausal osteoporotic patients may represent the end stage of a previous period ofbone loss associated with higher turnover (35, 36) . Because trabecular bone ofthe axial skeleton is more active metabolically, it is possible that it reaches this end stage before the predominately cortical bone in the remainder of the skeleton. If so, increased remodeling in cortical bone could account for the increased response to 1,25(OH)2D stimulation, which affects BGP synthesis by the entire skeleton. This would offset the decreased bone remodeling in some patients that may be mainly confined to trabecular axial skeleton. Serum BGP levels increased during 1,25(OH) tration, but serum alkaline phosphatase levels did Although we cannot exclude offsetting changes it enzymes of alkaline phosphatase, this seems unlike sociated responses of these osteoblast products to administration suggests either that two populations c exist or that osteoblasts respond differently in varie maturation. Further studies will be needed to ev possibilities.
Stimulation tests are commonly used to assess capacity ofendocrine tissue and may give abnormal when basal levels of hormones are normal. The res obtained in this study encourage us to believe that tl also may be useful in evaluating patients who ha) bone disorders. As more products specific for bl found, and as the factors that regulate their synthe tified, stimulation tests for bone cell function shc more sophisticated.
